Abstract. The effect of the Schottky barrier height on the detection of the midgap defects EH 6 and EH 7 in 4H-SiC by deep level transient spectroscopy (DLTS) is systematically studied. The results show that the DLTS peak height -and as a consequence the observed defect concentration -increases with the increasing barrier height and saturates above 1.5 eV for EH 6 and above 1.7 eV for EH 7 , while below 1.1 eV the DLTS peak height completely disappears. A model is applied, which determines the position of the quasi-Fermi level in the space charge region as a function of the barrier height and of the reverse bias applied and which explains the variation of the DLTS peak height.
Introduction
Midgap levels in a semiconductor are predominantly responsible for the limitation of the minority carrier lifetime and for the degradation of the performance of bipolar electronic devices. Such defects can be detected by deep level transient spectroscopy (DLTS). Q. Y. Ma et al. [1] demonstrated that the observed concentration of the energetically deep EL2-defect in GaAs is extremely sensitive to the Schottky barrier height used for the DLTS measurement.
In high-quality 4H-SiC epilayers, the EH 6 /EH 7 -centers are the dominating midgap defects; they have intensively been studied with DLTS using Ni Schottky contacts [2, 3] . On the other hand, these centers have not been observed when Ti/Al Schottky contacts are used [4] .
In this paper, we conduct a systematic DLTS analysis of the midgap defects EH 6 (E EH6 = E C -1.39 eV, σ = 6x10 -14 cm 2 ) and EH 7 (E EH7 = E C -1.53 eV, σ = 7x10 -14 cm 2 ) in 4H-SiC by using different metals for the Schottky contact. Further we explain the experimental data on the basis of the diffusion and thermionic theory, which determine the current through the Schottky barrier at reverse bias [5] .
Experimental
We used n-type 4H-SiC samples with an epilayer containing [N] = 2.8x10 15 cm -3 and generated the midgap defects by electron irradiation (E(e) = 170 keV, D = 5x10 16 cm -2 ). The investigated samples were annealed at 1000°C and 1100°C, respectively. For the capacitancevoltage (C-V) and DLTS measurements, we deposited first Ni through a shadow mask (contact diameter 1.0 mm) to fabricate the Schottky contact and performed then the electrical measurements. Finally we removed the Ni contacts and deposited another metal on the identical samples. In sequence we used Ni, Pd, Au, Ir and W for the Schottky contacts. The following results are obtained from two 4H-SiC samples and from a series of contacts; in all the examined cases, the determined defect concentrations have been reproducible.
The Schottky barriers caused by the different metals were determined by C-V measurements at the temperature, where the EH 7 -peak was observed in the DLTS spectra. The barrier height Φ b can be extracted from a C-V measurement according to Φ b = qU i + kT·ln( C / d ), where the diffusion potential U i is determined by the intersection point of the x-axis with the 1/C 2 -curve. C is the effective density of conduction band states. For 4H-SiC, C is equal to 3.26x10 Fig. 1 shows DLTS spectra taken on the identical sample with a reverse voltage U R = -4 V, but on different metal/4H-SiC Schottky contacts. The peak heights of the EH 6 -and EH 7 -defect -and as a consequence the corresponding defect concentrations -distinctly increase with the barrier height, while the observed peak height of the energetically shallower Z 1 /Z 2 -defect remains constant. The striking feature, however, is that an increase of the Au/4H-SiC potential barrier from the semiconductor side by changing the external reverse bias from -4 V to -4.4 V, which theoretically corresponds to the Ni/4H-SiC potential barrier at -4 V, does not drastically increase the defect concentration as shown in Fig. 2 . The normalized EH 6 and EH 7 defect concentrations obtained from different metal/4H-SiC Schottky contacts (as related to Ni/4H-SiC Schottky contacts) are plotted over the corresponding barrier height in Fig. 3 . For Φ b ≥ 1.5 eV (EH 6 ) and Φ b ≥1.7 eV (EH 7 ), the corresponding defect concentrations are saturated and for Φ b ≤ 1.1 eV, the defects can no longer be observed by DLTS.
Results and discussion
In order to explain the experimental results introduced above, we apply a model, which determines the position of the quasi-Fermi level in the space charge region as a function of the barrier height and of the reverse bias applied. For simplicity, we use the depletion approximation of a Schottky barrier, i.e. the free-carrier density is assumed to be abruptly cut off at the depletion edge. Then, the position of the conduction band edge E C within the space charge region is given by [5] Fig. 1. The DLTS spectra are taken on the same sample (electron-irradiated and annealed at 1000°C) with constant reverse bias U R = -4 V using Schottky contacts prepared with different metals. 
The depletion layer width w is given by
, where
is the band-bending for an applied bias U. The quasi-Fermi level for electrons E Fn is defined by [5] ( )
Assuming that the current through the space charge region is only due to drift and diffusion, whereby we neglect tunnelling through the barrier, the effect of image forces as well as the generation/recombination current and make use of the Einstein relationship, the current density is given by
where µ n is the electron mobility. In high quality n-type 4H-SiC, the electron mobility for the 〈0001〉 direction can be approximated by µ n = 950⋅(300/T) 2.8 cm 2 /V⋅s [6] . The course of the quasi-Fermi level E Fn in the space charge region is obtained by combining Eqs. (2) and (3) and by integrating Eq. (3) over 0 < x < w
The current under reverse bias U << 0 is governed by the saturation current
where A * is the effective Richardson constant. For 4H-SiC, A * is equal to 146 Acm -2 K -2 . The experimental data of the reverse current density for various Schottky contacts are plotted in Fig. 4 . The current densities calculated with Eq. 5 agree well with the experimental data at temperatures where the EH 6 -and EH 7 -center appear in the DLTS spectra confirming that this approximation can be used for the calculation of the quasi-Fermi level in the depletion region.
The position of the quasi-Fermi energy under reverse bias calculated with Eq. 4 for three barrier heights of 1.0 eV, 1.5 eV and 2 eV is plotted in Fig. 5 ; here the same band-bending of U d = 5 V is used for the calculation. For Φ b = 1 eV, the energy level E EH7 is completely below . (6) The DLTS signal is proportional to the concentration of those empty trap states, which are occupied with an electron by applying a filling pulse U P ( )
Taking into account Eqs. (4) and (5), the normalized defect concentrations EH 6 and EH 7 are calculated with Eq. (7) as a function of the Schottky barrier height. The resulting dependence is plotted in Fig. 3 (see solid and dashed curve). The calculated curves are obtained without any fit parameter; they are in excellent agreement with the experimental data.
Summary
The effect of the Schottky barrier height on the DLTS peak height of midgap defects is experimentally demonstrated for the EH 6 -/EH 7 -center in 4H-SiC and is theoretically explained on the basis of the diffusion and thermionic theory. The use of small Schottky barrier heights in combination with wide bandgap semiconductors may lead to the suppression of energetically deep defects in the DLTS spectra. As a general rule for DLTS investigations it is recommended to use Schottky barrier heights of at least of the same size as the activation energy of the defect under investigation. For 4H-SiC, Pd may be an alternative instead of Ni, when chemical reactions at the interface have to be avoided. Ir, W or Ti/Al [4] Schottky contacts are not suitable to study midgap defects in n-type 4H-SiC with DLTS. 
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